Combined temperature programmed reaction (TPR) and infrared (IR) spectroscopic studies for FischerTropsch reaction have been performed over Ru/SiO 2 and Ru-Ag/SiO 2 supported catalysts. Reaction of linearly absorbed CO with hydrogen starts at 375 K over Ru/SiO 2 catalyst and reaches maximum at 420 K accompanied with an intensity decrease of linear CO absorption. The reaction with bridged absorbed CO peaks around 510-535 K. Addition of Ag yields mixed Ru-Ag bimetallic sites while it suppresses the formation of bridged bonded CO. Formation of methane on this modified surface occurs at 390 K and reaches maximum at 444 K. Suppression of hydrogen on the Ag-doped surface also occurs resulting in the formation of unsaturated hydrocarbons and of CH x intermediates not observed with Ru/SiO 2 catalyst. Such intermediates are believed to be the building blocks of higher hydrocarbons during the Fischer-Tropsch synthesis. Linearly absorbed CO is found to be more reactive as compared to bridged CO. The Ag-modified surface also produces CO 2 and carbon. On this surface, hydrogenation of CO begins at 390 K and reaches maximum at 494 K. The high temperature for hydrogenation of absorbed CO and C over Ru-Ag/SiO 2 catalyst as compared to Ru/SiO 2 catalyst is due to the formation of Ru-Ag bimetallic surfaces impeding hydrogen adsorption.
Introduction
Several studies of Fischer-Tropsch synthesis have been conducted on Ru/SiO 2 catalyst because of its unique property for hydrocarbon products. [1] [2] [3] The mechanism by which CO adsorbs on the catalyst surface is still a matter of investigation and which mode of CO adsorption is more active for hydrogenation to hydrocarbon is still a matter of debate among the catalyst research circle. It has been documented in the literature that different forms of CO could exhibit different reactivities. [4] [5] [6] Linear CO has been shown to be involved in CO insertion, which controls catalyst activity and selectivity to higher hydrocarbon. 7 In contrast, bridged CO sites exhibit little CO insertion activity. The blocking of bridged CO sites by Ag 8, 9 causes an increase in unsaturated hydrocarbon selectivity and a decrease in methanation selectivity. Other promoters such as Mn, 10 La, 11 Ti 12 and V 13 also exhibit an increase in higher hydrocarbon selectivity, but these promoters do not exhibit the formation of bridge CO sites over Ru/SiO 2 catalyst. 14, 15 The reactivity of absorbed CO has been studied using various methods to identify the form of absorbed CO species responsible for methanation. Using a pulse surface reaction rate analysis, Mori et 18 have suggested bridged CO to be the active species for methanation over Rh/Al 2 O 3 catalyst. Solymosi and coworkers 19 using a flow technique and IR spectroscopic studies on supported Rh have suggested that the dissociation of linear CO occurs through the formation of Rh-carbonyl-hydride species. Although the linear CO was found to be more stable than the bridged CO on Ru(III) single crystal and less stable on Ni(III) single crystal, the site for CO dissociation on metal surfaces is still unclear. 20, 21 The objective of this work is to study the reactivity of linear and bridged CO towards hydrogenation for methanation and higher hydrocarbons as well as the effect of Ag on methanation sites of supported Ru catalysts. CO adsorption/reaction on Ru/SiO 2 and Ag-Ru/SiO 2 catalysts has been studied using an in-situ IR spectroscopy technique coupled with temperature programmed reaction (TPR). The intensity decrease of linear and bridged CO with increasing methane formation was monitored to identify their roles in methanation and formation of higher hydrocarbons. TPR allows the study of the catalyzed reaction and yields kinetics data and insight into the reaction mechanism, which is not obtained through steady-state experiments. The catalyst samples were characterized by BET surface area and CO chemisorption. The catalyst samples were pressed into self-supporting disks and then placed in an IR cell (Bio-Rad FTS 6000 spectrometer). The samples were reduced in-situ at 673K before TPR studies.
TPR Studies. A layout of the temperature programmed reaction apparatus used in the study is presented in Figure 1 . The IR cell, made up of Hastelloy, is capable of operating up to 760 K and 8.0 MPa. CO was introduced into the IR cell to absorb on the surface of the catalyst at 298 K and 0.15 MPa. The gas phase CO was removed by flowing helium through the reactor. The TPR was performed at 20 cm 3 /min helium flow (10% H 2 in He) at a ramping rate of 15 K/min from 298 to 670 K. At this temperature the flow was held for 15 min. An IR spectrum was recorded by an FTIR spectrometer with DTGS detector at 6 cm −1 resolution. The gaseous effluent from the IR cell was monitored by Balzer QMG 511 mass spectrometer. The spectrum shows the presence of methane (m/e = 16), CO (m/e = 28), CO 2 (m/e = 44) and H 2 O (m/e = 18). On Ag doped samples, C 2 H 4 and C 2 H 6 products were also detected but not in significant quantity. Table 1 & 2 presents the BET surface area, CO-chemisorption, %age dispersion and the products amount formed on Ru/SiO 2 and Ru-Ag/SiO 2 catalyst system. Figure 2 shows the IR spectra of CO absorbed on the Ru/ SiO 2 catalyst during TPR with hydrogen. The IR spectra for CO absorption at 298 K and 0.15 MPa of CO in a flow of helium through the reactor show a linear band at 2058 cm . A switch from pure He to a flow of H 2 /He mixture and an increase in reaction temperature caused a decrease in the intensity of both linear and bridged CO. The rate of decrease in intensity varied with temperature.
Results and Discussion
The major gas phase products resulting from TPR include CO, CH 4 , H 2 O and CO 2 whose TPR profiles are shown in Figure 3 . The gas phase CO profile from the IR cell effluent exhibits desorption peak at about 366 K while the CO 2 profile exhibited a weak band from 317 to 426 K. In the same temperature range, the linear CO intensity decreased more rapidly than the bridged CO intensity did. The majority of gaseous CO may be produced from the linearly absorbed CO providing that rapid exchange between linear CO and bridged CO did not occur during TPR. The slight decrease in the bridge CO peak indicates that this latter species is more stable in this temperature range than linear CO.
The rapid decrease in linear CO intensity corresponding to the methane peak at 420 K indicates that the linear CO is more reactive towards H 2 than bridge CO leading to methane formation. A conspicuous contribution of the bridged CO was observed at 510-535 K where a rapid decrease in both bridged and linear CO intensities and the appearance of a tailing methane shoulder occurred. The oxygen generated from the dissociation of CO combined primarily with hydrogen to yield water and the reaction of this oxygen with the undissociated CO did not occur to a significant extent. The formation of water occurred at higher temperature than the hydrogenation of surface carbon to methane did. The IR spectra of CO absorbed on Ag-Ru/SiO 2 catalyst during TPR are shown in Figure 4 Increasing the temperature caused an initial decrease and then a slight increase in the linear CO intensity. An initial increase in the intensity of bridged CO band and a decrease in the intensity of the gem-dicarbonyl band are also observed with an increase in temperature. The growth of the bridged CO band at the expense of gem-dicarbonyl band in hydrogen flow suggests the occurrence of reductive agglomeration of Ru + leading to the formation of Ru crystallite. Increase in the bridged CO intensity and decrease in the linear CO intensity at low temperature also suggests that (i) linear CO may be involved in CO desorption and CO 2 formation at temperature below 360 K and (ii) aggregation of Ag atoms at the expense of inter-dispersed Ag atoms on ruthenium crystallites. The aggregation of Ag atoms on Ru surface due to reactant induced surface reconstruction has been observed under CO hydrogenation conditions (which results in a decrease in the intensity ratio of linear to bridged CO).
The major gas phase products resulting from TPR include CO, CH 4 and CO 2 whose TPR profiles are shown in Figure  5 . Both gaseous CO and CO 2 peaks were observed in the temperature range 310-375 K where linear CO and gemdicarbonyl band show rapid decline in intensity. Bridged CO appears to play little role in CO 2 formation in this temperature range. Contribution of linear CO on Ru-Ag/SiO 2 towards CO 2 should not be significant as indicated by the formation of small quantity of CO 2 from linear CO on Ru/ SiO 2 . The formation of the CO 2 peak could either be due to (i) disproportionation of gem-dicarbonyl CO or (ii) reduction of Ru + through oxidation of CO ligand of a Ru
→ Ru(CO) + CO 2 + 2CO], where O 2− is a surface oxide oxygen. The occurrence of the latter reaction would lead to the simultaneous formation of CO and CO 2 . The slight difference in peak temperature exhibited by CO and CO 2 suggests that the reduction of Ru + through oxidation of CO ligand of Ru + (CO) 2 may occur to some extent. Such a reduction process can result in the formation of reduced Ru that chemisorb both linear and bridged CO. The area under the CO peak at 328 K corresponds to 12.8 μmol of CO; the area under the CO 2 peak at 317 K corresponds to 10.0 μmol of CO 2 . The ratio of formation of CO to CO 2 in the temperature range 310-375 K does not fall in the expected 2:1 stoichiometric ratio, which suggests that part of the CO 2 probably resulted from the disproportionation of gemdicarbonyl. CO disproportionation has also been found to be the major pathway for CO 2 from Ru + (CO) 2 on RuCl 3 /SiO 2 . The disproportionation reaction is accompanied by the formation of surface carbon, which hydrogenates to produce a methane peak at 442 K. A slight change was observed in the intensity of linear and bridged CO at a temperature around 442 K where the methane formation rate peaked. The small increase observed in linear CO could be ascribed to CO re-adsorption of CO and/or a slight change in the background at higher temperature. A rapid decrease was observed in the intensities of both linear and bridged CO which corresponds to the tailing methane shoulder in the range 494-593 K.
Comparison of peak temperatures and the amount of product desorbed for Ru/SiO 2 and Ru-Ag/SiO 2 catalysts is summarized in Table 2 . Addition of silver to Ru/SiO 2 affects the absorbed state of bridged CO less than it does to linear CO. The intensity of bridged CO shows gradual decease initially followed by rapid decrease in the range where the tailing methane peak was observed on Ru/SiO 2 catalysts. A rapid intensity decline of bridged CO species was accompanied with the formation of methane for Ag-Ru/SiO 2 at about the same temperature where the tailing methane peak was observed on Ru/SiO 2 . The significantly low wavenumber of bridged CO on Ru-Ag/SiO 2 compared to that of the bridged CO on Ru/SiO 2 appears to be due to the low concentration of bridged CO on Ru-Ag/SiO 2 .
Addition of silver promotes the formation of gemdicarbonyl, Ru + (CO) 2 , as shown by the IR spectra for RuAg/SiO 2 in Figure 4 . Although the gem-dicarbonyl can be dissociated to surface carbon via the disproportionation reaction in the range 298-340 K during TPR, its role in CO dissociation over Ru-Ag/SiO 2 could be very limited under steady state reaction conditions (513-573 K). The reductive agglomeration of Ru + sites by CO and H 2 in the temperature range 513-573 K prevents the formation of gem-dicarbonyl and diminishes the Ru + sites. The surface carbon species generated from linear and gem-dicarbonyl CO on Ru-Ag/SiO 2 during TPR where hydrogenated at temperatures higher than those from linear CO on Ru/SiO 2 , leading to a shift in the methane peak to a higher temperature. The results indicate that Ag favors hydrogen starving sites on the surface which result in the formation of higher hydrocarbons.
Linear CO is found to be more reactive than bridged CO for methanation on Ru/SiO 2 consistent with the observation made by Mori et al. for Rh/SiO 2 . 16 Only linear CO is reactive with H 2 for the formation of methane over Ru/SiO 2 via chemisorbed linear CO and tricarbonyl species. Under typical CO hydrogenation conditions at temperature around 473-573 K, bridged CO can be as important as linear CO because a significant extent of reaction of bridged CO occurs at these temperatures. The contribution of bridged CO site to methanation is also evidenced by the fact that a decrease in bridged CO site by the addition of Ag results in a decrease in steady-state methanation activity.
Conclusion
Combined IR and TPR-MS studies have shown that the silver produces bimetallic Ru-Ag sites that favor hydrogen deficient species on the surface. This results in the formation of CH x hydrocarbons. The surface carbon is hydrogenated to methane with a maximum rate occurring at 442 K during TPR. The higher temperature for methane peak rate production on Ag-Ru/SiO 2 catalyst compared to Ru/SiO 2 catalyst is attributed to the presence of Ag-Ru bimetallic sites.
